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Due to the absence of matching carbon atoms at honeycomb centers with carbon atoms in 
adjacent graphene sheets, theorists predicted that a sliding process is needed to form AA, 
AB’, or ABC stacking when directly converting graphite into sp3 bonded diamond. Here, 
using twisted bilayer graphene (TBG), which naturally provides AA and AB’ stacking 
configurations, we report the ultrafast formation of a transient 2D diamond-like structure 
(which is not observed in aligned graphene) under femtosecond laser irradiation. This photo-
induced phase transition (PIPT) is evidenced by the appearance of new bond lengths of 1.94 
Å and 3.14 Å in the time-dependent differential pair distribution function (ΔPDF) using MeV 
ultrafast electron diffraction (UED). Molecular dynamics and first principles calculation 
indicate that sp3 bonds nucleate at AA and AB’ stacked areas in moiré pattern. This work 
sheds light on the direct graphite-to-diamond transformation mechanism, which has not 
been fully understood for more than 60 years. 
 
Atomically-thin twisted vdW crystals with a rotational misalignment introduce a moiré pattern1-11, 
leading to intriguing electronic properties such as unconventional superconductivity2,3 and 
correlated insulating states4 by modulating the band structure of the material. New optical 
phenomena such as moiré excitons5-8 in vdW heterostructures were also reported at different 
twisted angle configurations. Meanwhile, optical control of structural and electronic properties, 
especially through PIPT, has recently attracted tremendous attention due to its great potential in 
functionalization of 2D materials13-16. A detailed study of the changes in bonding network and the 
resulting metastable dynamics triggered by photoexcitation is necessary but challenging since it’s 
an intrinsically out-of-equilibrium process17. These make the ultrafast probing of the fundamental 
light-matter interactions in twisted 2D vdW materials, especially TBG, very attractive.  
In perfectly aligned graphene structures with AB stacking, the absence of matching carbon atoms 
at honeycomb centers with carbon atoms in adjacent layers hinders direct transformation into 
diamond. Therefore, extensive theoretical research suggests that the direct transformation from 
hexagonal graphite to diamond must undergo a sliding process to AB’ stacking18, AA stacking19, 
or ABC stacking20 configurations, followed by boat or chair buckling (Fig. S1). On the other hand, 
TBG naturally creates a moiré pattern with periodic metastable AA and AB’ stacked  local areas 
(Fig. 1a-1b). Upon excitation, these areas are expected to easily form sp3 rich metastable structures 
(Fig. 1c). We chose an fs laser to initiate the structural phase transition,21-23 since it has been 
demonstrated that fs laser irradiation has the ability to convert graphite to diamond  structure at 
ambient temperature and pressure. Additionally, ultrashort laser excitation can be, coupled with 
an ultrafast electron pulse in a pump-probe configuration to enable the study of the structural 
dynamics in real time24,25.  
Here we report the photo-induced sp2-sp3 transformation in TBG where the moiré pattern plays an 
important role. Through analysis of the ΔPDF, an ultrafast formation of diaphitene from TBG was 
observed after fs laser irradiation. Similar to its corresponding bulk form (called diaphite23,26), 
diaphitene exhibits interlayer sp3 bonding but differs from a diamond lattice with C-C bond length 
of 1.54 Å. Furthermore, the recorded dynamics revealed that the transition was completed within 
330 fs and the structure was maintained as diaphitene for at least 2 ns and eventually recovered 
back to the graphene structure within 5.56 ms (pump frequency 180 Hz).  
Large area TBG samples were prepared by stacking two chemical vapor deposition (CVD) 
monolayer graphene sheets on gold grids with a holey carbon support film (Supplementary 
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Materials). Each graphene sheet in TBG consists of numerous grains with a typical grain size of 
~5 μm. Twist angles are determined from 137 different overlapped domains using selected-area 
electron diffraction (SAED) with a 500 nm aperture to be mainly concentrated at ~12° (Fig. S2). 
Through analysis of the intensity profile along the green line marked in SAED pattern, we can 
determine almost all the areas are stacked by two monolayer graphene since the intensity ratios 
I{100} /I{110}>127. UED experiments were performed using an electron pulse (~120 μm probe size, 
~130 fs pulse length) at normal incidence. The UED diffraction pattern of TBG consists of Debye-
Scherrer rings (Fig. 2a), since the grain size in TBG (~5 μm) is much smaller than the probe size 
of electron pulse (~120 m). The time-dependent intensity of {100} and {110} diffraction rings 
after photoexcitation at an incident fluence of ~9.7 mJ/cm2 is shown in Fig. 2b. Similar phenomena 
was also observed at a fluence of ~4.2 mJ/cm2 (Fig. S3). The intensity changes clearly show an 
initial ultrafast component followed by a slower one. The time evolution was thus fitted by bi-
exponential functions 
∆𝐼
𝐼0
(𝑡) = 𝐴(1 − 𝑒−𝑡/𝜏1) + 𝐵(1 − 𝑒−𝑡/𝜏2). The extracted time constants are 
𝜏1 =115 fs and 𝜏2 =585 fs for the {100} peak and 𝜏1 =188 fs and 𝜏2 =10.8 ps for the {110} peak 
(Fig. S3), respectively. Such a rapid intensity rise in the {100} peak and a drop in {110} peak 
indicate that this process is not a thermal effect, but possibly induced by in-plane buckling during 
interlayer contraction. The temporal evolution of the magnitude of the momentum transfer vector 
Q (i.e., 𝑄 =
2𝜋
𝑑ℎ𝑘𝑙
) is illustrated in Fig. 2c. Both the {100} and {110} peaks shift to a lower Q within 
~330 fs. Photo-induced electron-phonon scattering which heats the lattice and results in thermal 
expansion can also result in an increase of lattice spacing. However, thermal expansion typically 
happens at a longer timescale. The observed reduction in Q (increase in the in-plane lattice spacing) 
indicates a possible conversion of graphene sheets into an hexagonal diamond (HD)-like structure 
(Fig. 2c), since the lattice spacings  in HD (2.18 Å (100) and 1.26 Å (110)) is larger than that in 
graphene sheets (2.13 Å (100) and 1.23 Å (110)). Repeated  pump-probe experiments show that 
the change is reversible, but it does not revert to graphene even after ~2 ns as shown in the long-
runtime experiment (Fig. S3). To rule out the possible contribution due to the supporting 
amorphous carbon (AC) film, we performed ultrafast experiments on the AC film. No obvious 
changes occurred in time-dependent Q of the AC films compared to the TBG (Fig. S3), thus 
confirming that the structural transformation is truly from the TBG. 
In contrast, such an ultrafast structural transformation has not been reported in aligned bilayer and 
few-layer graphene before. For clear comparison, we carried out UED experiments on free-
standing AB-stacked aligned bilayer and few-layer graphene (Fig. S4) under the same conditions. 
We found that there are no noticeable changes in time-dependent Q compared to TBG (Fig. S5); 
i.e., no phase transitions occur in aligned graphene sheets. Instead, the {100} diffraction peaks of 
aligned graphene sheets exhibit a strong shearing mode vibration with a clear oscillation period of 
0.8 ps and a damping time of 15 ps, similar to the results reported by Siwick et al28. Even doubling 
the fluence to ~19 mJ/cm2 showed no other changes except a larger amplitude.  
MeV electrons enable UED from TBG to satisfy a kinematic approximation similar to the ones 
used in X-ray and neutron diffraction. Therefore, the time-dependent ΔPDF29 was calculated from 
the diffraction patterns to further extract the structural dynamics of TBG following 
photoexcitation. The diffraction-difference method which employs the subtraction of diffraction 
signals before and after optical excitation was used to highlight these changes (Supplementary 
Materials). The experimental ΔPDF (at fluence of ~9.7 mJ/cm2) as a function of the pump-probe 
time delay between -200 fs and 1000 fs with a step size of 67 fs is shown in Fig. 3a, with blue 
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indicating loss and red indicating gain in the ΔPDF at various atom pair distances compared with 
unexcited TBG. Ultrafast changes in interatomic distances were observed from the ΔPDF. By 
choosing the appropriate time delays (from Fig. 3a and Fig. S6), we obtained a series of one-
dimensional ΔPDFs, as shown in Fig. 3b. The positive peaks (II, Ⅳ) represent a significant 
increase in the ΔPDF at interatomic distances r of 1.94 Å and 3.14 Å, while the negative peaks (I, 
III) correspond to a reduction of the ΔPDF at interatomic distances at 1.42 Å and 2.46 Å (Fig. 3b). 
The ultrafast bond length distribution changes reach a maximum at 330 fs (Fig. S6). Static PDF of 
graphene sheets studied by X-ray and neutron diffraction30,31 shows three nearest neighbor pair 
distances in the honeycomb graphene lattice: 1.42 Å, 2.46 Å, 2.84 Å (Fig. 3c, Fig. S7). When 
compressing two graphene layers to an interlayer distance d, the PDF with pair distances < d has 
the contribution only from monolayer graphene regardless of twist angles and stacking 
sequences30,31. In other words, the appearance of new bond lengths other than 1.42 Å, 2.46 Å and 
2.84 Å in PDF reflects the interlayer distance is reached to the smallest valve of new bond lengths. 
Therefore, the observation of new bonding distances of 1.94 Å and 3.14 Å indicates the ultrafast 
formation of interlayer sp3 bonds after the fs laser irradiation (Fig. 3c).  
To understand the detailed structural evolution during compression, we carried out molecular 
dynamics (MD) simulations for TBG with different twist angles (0°, 6°, 12°, 18° and 30°) 
(Supplementary Materials). All TBGs with twist angles other than zero degree with AB stacking 
showed similar structural dynamics (Fig. S8). Taking a typical angle of 12° as an example 
(dominant angle in our experimental work), one can see that after excitation, sp3 bonds labeled 
with red and orange (warm colors) are preferentially formed in local areas with stacking close to 
AA and AB’, but almost no sp3 bonds are formed (shown in blue) in the area with AB stacking 
from the top-view snapshots (Fig. 4a and Fig. S8). These simulation results support our 
experimental observations of ultrafast phase transitions in TBG but not in aligned graphene sheets 
that is composed entirely of AB stacking configuration. The reversible phase transition occurs 
within ~270 fs, but it takes a much longer time to recover due to the strong covalent interaction of 
C-C bonds between two graphene layers as shown in the side-view and perspective-view snapshots 
(Fig. 4b, Fig. S8). This explains why the structural change occurs within 330 fs and remains the 
transient state longer than 2 ns.  
Using the simulated transient structures, we calculated their ΔPDFs by selecting several 
representative moments (Fig. S8). These calculated ΔPDFs match well with the experimental ones 
(Fig. 3b), although there is a slight difference above 4 Å between the experimental and simulated 
ΔPDF. This difference may be caused by distribution of various twist angles in experimental TBG. 
From transient TBG structure at the time of ~270 fs with maximum numbers of sp3 bonds, a new 
transient diaphitene (Fig. 3c) is extracted, which explains the emergence of new pair distances of 
1.94 Å, 3.14 Å in ΔPDFs.  
To reveal the crucial role that TBG played in sp2-sp3 bond changes, generalized stacking fault 
energy (GSFE) surfaces for bilayer graphene with AB stacking (Fig. S9) and the energy surface as 
a function of rotation angles (Fig. S10) are evaluated using first principles calculations under 
different layer spacings (Supplementary Materials). As shown in Fig. 4c and Fig. S9, when the 
layer spacing is larger than 2.4 Å, the bilayer graphene with AB stacking (ground state) has the 
lowest free energy, and, due to the Pauli repulsion, AA stacking has the highest free energy. Bilayer 
graphene with AB’ stacking becomes the ground state under compression when the layer spacing 
is in the range between 2.4 Å and 2.2 Å. Further compressing layers below ~2.0 Å changes the 
ground state to the AA stacking, due to the strong covalent effect between overlaying C atoms 
 5 
 
(formation of sp3 bonds). This calculation indicates that bilayer graphene with AA and AB’ 
stacking is more prone to forming sp3 bonds than AB stacking under compression. In addition, the 
potential energy surface of TBG as a function of the twisted angles shows no significant angle 
dependence except for the maximum energy at angles of near zero degree with AB stacking (Fig. 
S10).  We also found some smaller energy surfaces with angles around 1.7°, 2.5°, 3.1°, 13° and 
22°.   
In conclusion, using ultrafast electron diffraction, we show a diamond-like transient state in TBG 
under fs laser irradiation. We observe appearance of new bonding distances of 1.94 Å and 3.14 Å 
within 330 fs in time-dependent difference pair distribution function identifying a new transient 
2D diamond-like structure consisting of mixed sp2 and sp3 bonds. Such a photoinduced structural 
transformation is not observed in aligned graphene sheets. On contrary, only lattice vibration was 
detected in aligned graphene sheets under fs laser irradiation. Molecular dynamics and first 
principles calculation indicate that the TBG moiré pattern naturally provides stacking 
configurations like AA and AB’ favorable for the preferential formation of sp3 bonds. This new 
discovery using TBG offers a promising way to open and precisely tune a bandgap in graphene 
system, enabling the exploration of innovative applications for the future. This also provides new 
insights into the understanding of the ultrafast optical response of twisted 2D vdW materials. In 
addition, this work sheds light on the direct graphite-to-diamond transformation mechanism, which 
has not been fully understood for more than 60 years.  
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Fig. 1. Photoinduced structural transition from twisted bilayer graphene (TBG) to 2D 
diamond structure. a, Schematic of a TBG moiré pattern, which consists of regions with AB, 
AA, and AB’ stackings as structural details shown in b. c, Schematic illustration of the 
photoinduced structural transition in TBG. Subsequent to the fs laser irradiation, interlayer 
contraction and buckling are induced by generated interlayer charge transfer excitons and then the 
transformation of sp2 bonds to sp3 bonds occurs. Such a transformation occurs preferentially at 
regions with AA and AB’ stacking rather than at AB stacked areas due to the lack of matching 
carbon atoms at honeycomb centers between adjacent AB stacked graphene layers (Top view in 
(b)).  
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Fig. 2. Ultrafast structural dynamics in twisted bilayer graphene (TBG). a, Typical diffraction 
pattern of TBG observed by MeV UED with first two visible rings. b, Diffraction intensity changes 
as a function of time delays. A rapid intensity rise in the 1st ring {100} and drop in the 2nd ring 
{110} indicate that this process is not a thermal effect. c, Time-dependent Q shift of TBG showing 
the ultrafast structural transformation within 330 fs.  
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Fig. 3. Temporal evolution of difference pair distribution functions (ΔPDF). a, Experimental 
2D ΔPDF of twisted bilayer graphene (TBG) showing the intensity increase (warm color) and 
decrease (cool color) at different interatomic distances and different time delays. b, One-
dimensional experimental and simulated ΔPDF at different time delays. The observed reduction 
of 1.42 Å (I) and 2.46 Å (III) bonds in (b) matches with the bonds in graphene (c) before the 
transformation. The appearance of 1.94 Å (II) and 3.14 Å (IV) bonds observed in TBG matches 
with the new diaphitene structure (c) extracted from simulated transient structures (Fig. S8).  
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Fig. 4. Simulated structural evolution and energy pathway. a, Snapshot of the top view at 255 
fs showing the preferential formation sp3 bonds (warm colors) at regions with AA and AB’ 
stacking. b, Snapshot of the side view at 800 fs showing the strong interlayer C-C bonds slow 
down the relaxation. c-e, Generalized stacking fault energy surfaces for interlayer spacing of 3.4 
Å, 2.2 Å, and 2.0 Å.  When the layer spacing is compressed from 3.4 Å to 2.0 Å, the lowest free 
energy configuration gradually changes from AB stacking (c) to AB’ (d) and AA (e) stacking. 
This 2D map of bilayer graphene with different stacking sequences is obtained  by shifting top 
graphene layer along a axis [100] and b axis [010] directions with respect to the bottom layer 
(fixed). Four corners correspond to configurations with AB stackings (Fig. S9). 
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Experimental UED setup 
Time-resolved pump-probe measurements of the structural dynamics were carried out at the MeV-
UED facility at SLAC National Accelerator Laboratory. A more detailed description of the 
apparatus was reported earlier elsewhere32,33. Electron pulses with 3.8 MeV kinetic energy 
generated from a laser-driven photocathode radio-frequency gun were used for the experiment. 
Each electron pulse containing roughly 2.8104 electrons with ~130 fs FWHM pulse duration and 
120 um FWHM spot size was delivered to the sample. The diffracted electrons were recorded with 
a phosphor screen and a lens-coupled electron-multiplying CCD camera. The Q-range of the 
recorded diffraction pattern was 0.2 to 12.0 Å−1 with a Q-resolution of ~0.03 Å−1 FWHM. The 
pump laser illuminated the sample almost collinearly (within ~50 mrad) with respect to the probe 
electron pulses. The pump laser was at 800 nm central wavelength with a pulse duration of ~70 fs 
FWHM. The spot size of the pump laser on the sample (Gaussian profile of 550 um FWHM) was 
much larger than that of the probe electron pulse, and thus the recorded diffraction patterns 
represented a uniformly pumped area of the sample. The overall temporal resolution of the 
measurements was roughly 150 fs FWHM. The pump-probe measurement was performed at 180 
Hz repetition rate. A total number of 19 (short-run) and 10 (long-run) scattering images for TBG, 
10 scattering images for AC films, 20 scattering images for aligned graphene sheets were recorded 
and averaged at each time point, which provides sufficient SNR to perform the dynamics analysis.  
Sample preparation 
The twisted bilayer graphene sample used in this study was artificially transferred and stacked 
from two CVD-grown monolayer graphene. After etching the copper, the graphene with PMMA 
was collected by a quantifoil gold TEM grid. Then the sample was dried at around 60℃ for 15 
min, and the PMMA was removed using organic solvents. An annealing process at around 300 
degree for ~2 hours was performed to further improve the cleanness of the graphene. The high-
quality single crystalline bilayer and few-layer graphene samples used here were prepared using 
mechanical exfoliation from ~2-3 mm high quality natural graphite crystal34. A piece of thick 
single crystalline was first fixed using sample mounting adhesive, then repeatedly exfoliated using 
scotch tape until it was transparent enough (a thickness of less than ~1-3 nm). The fixing glue was 
then removed with acetone. Finally, the sample was transferred to 1000 mesh and 2000 mesh TEM 
grids for TEM characterization and UED measurements.  
Transmission electron microscopy characterization 
TEM studies have been carried out before and after the UED experiments. HRTEM imaging was 
carried out using the Argonne Chromatic Aberration-corrected TEM (ACAT) at 80 kV 
accelerating voltage to reduce knock-out damage to graphene sheets. The ACAT microscope has 
an image corrector to correct both spherical and chromatic aberrations, which enables information 
limit better than 0.1 nm at 80 kV. Selected area electron diffraction was performed with the same 
instrument at the same electron energy.  
Difference pair distribution function analysis 
We employed a time-resolved pair distribution function (PDF) analysis for understanding the 
lattice structural dynamics in real space29,35. The PDF analysis reveals the changes in all the atom 
pair distances in the system. PDF can be obtained experimentally by Fourier Transform of 
processed kinematical scattering data. 
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Firstly, an azimuthal average is applied to each 2D diffraction pattern that yields the 1D diffraction 
intensity 𝐼(𝑄, 𝑡) . Secondly, difference intensity ∆𝐼(𝑄, 𝑡)  is obtained by subtracting an 
experimental reference diffraction intensity that is averaged over -2 ps to -1 ps. The total scattering 
structure function ∆𝑆(𝑄,𝑡)  is calculated by normalizing the difference intensity to the atomic 
scattering cross-section of carbon atom 𝐼𝐶(𝑄): 
∆𝑆(𝑄, 𝑡) =
∆𝐼(𝑄,𝑡) 
𝐼𝐶 (𝑄)
                                                     (1) 
We used the ELSEPA program to compute the 𝐼𝐶 (𝑄) 
36. The PDF is calculated using a sine 
transform: 
∆𝐺(𝑟, 𝑡) =  ∫ 𝑄 ∙
𝑄𝑚𝑎𝑥
𝑄𝑚𝑖𝑛
∆𝑆(𝑄, 𝑡) ∙ sin(𝑄𝑟) ∙ exp (−𝛼𝑄2)𝑑𝑄                  (2) 
where the 𝑄𝑚𝑖𝑛 =1Å
-1 and 𝑄𝑚𝑎𝑥 =12Å
-1 are determined by the experimental limit of the diffraction 
pattern, and the term exp (−𝛼𝑄2) is a damping factor to suppress edging artifact in the transform. 
Here we chose 𝛼=0.02.  
MD and DFT analysis 
First principles calculation: The GSFE surfaces37 for two-layer graphene were calculated within 
the framework of electronic density functional theory (DFT), as implemented in the Vienne Ab 
initio Simulation Package (VASP)38. The exchange and correlation interactions were described in 
the local density approximation (LDA-CAPZ)39. Interactions between ions and valence electrons 
were modeled by the projector-augmented wave (PAW) method40. The kinetic cutoff energy for 
plane waves was 550 eV. The k point separation in Brillouin zone was 2×2×1. To avoid interaction 
between two adjacent slabs, a vacuum space of 15 Å was added to the top and bottom of the slab 
along the vertical direction of the two-layer graphene base plane. The slab was separated into two 
halves along middle plane of the two graphene layers and the two halves of slab were displaced 
relative to each other along slip directions. The GSFE surface can be obtained by plotting the 
excess energy with the displaced distance. 
MD simulation: A serial of TBG samples with twisted angle of 0° (AB stacking), 6°, 12°, 18° and 
30° were built. The MD simulations were then performed on these samples using the popular 
LAMMPS code41. The atomic configurations were visualized and analyzed with the OVITO 
package42. Periodic boundary conditions were applied to graphene base plane (x and y directions) 
account for the confinement effects in large bulk materials, and the vertical direction (z direction) 
of the ABG base plane is non-periodic. Interactions of C-C bonds were described by the ReaxFF 
potential43. In this work, the microcanonical ensemble (NVE) is used in our simulations, timestep 
is 0.001 ps, and a random initial velocity distribution equivalent with 300 K is set. To simulate the 
process of TBG irradiated by ultrashort pulse laser, a rigid wall method44 was used. In detail, the 
TBG sample impact an absolutely rigid wall along z direction with a velocity of 4.895 km/s. During 
this impact process, the structure changes were recorded.  
In addition, a scan of the potential energy surface as a function of the graphene sheet rotation 
angles was performed using the same ReaxFF. The top layer in a two-graphene sheet system was 
incrementally rotated and shifted upward to compute the energy surface as a function of the sheet 
distance and rotation angle.  
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Debye-Waller effect 
The reduction of Bragg peaks’ intensities due to the random atomic thermal vibration (lattice 
temperature rise induced by fs laser irradiation) can be well reconstructed from both the 
experimental intensity change combined with the Debye–Waller theory45. In the following, we 
determined the final lattice temperature of our sample due to the Debye–Waller theory according 
to the research28,46,47. 
Debye-Waller factor is usually defined as 
𝑒−2𝑀 = 𝑒−𝑄
2 ⟨𝑢2⟩                                                        (3) 
Where 𝑀 =
1
2
𝑄2⟨𝑢2 ⟩ ,  𝑢2  (Å2 ) is the mean-square atomic displacement perpendicular to the 
reflecting planes, and scattering vector 𝑄 = 4𝜋𝑠𝑖𝑛𝜃/𝜆. θ is the scattering angle and λ is the 
electron de Broglie wavelength. 
The Debye-Waller effect can be expressed as 
𝐼(𝑄,𝑇)/𝐼(𝑄, 𝑇0) = 𝑒
−𝑄2⟨𝑢2 ⟩                                              (4) 
Where 𝐼(𝐺, 𝑇) is the intensity of the diffraction peak at scattering vector 𝑄 and lattice temperature 
𝑇. 𝑇0 denotes the initial sample temperature (𝑇0 ≈(296 ± 4) K). The quasi-steady-state intensity 
𝐼(𝑄,𝑇)/𝐼(𝑄, 𝑇0) was extracted from the data by fitting each of the decay traces in Fig. S5 to a bi-
exponential decay function. According to Eq. (3) and (4), 𝑙𝑛 [
𝐼(𝑄,𝑇)
𝐼(𝑄,𝑇0 )
] = −𝑄2 ⟨𝑢2⟩  has a linear 
dependence on 𝑄2  with coefficient −⟨𝑢2⟩ , as shown in Fig. S5. We consider the following 
expression for the mean square displacement: 
⟨𝑢2 ⟩ =
3ℏ2
𝑚𝐶𝑘𝐵 𝜃𝐷
[1
4
+ (
𝑇
𝜃𝐷
)
2
∫
𝑥
𝑒𝑥 −1
𝑑𝑥
𝜃𝐷 𝑇⁄
0
]                                (5) 
where ℏ is reduced Planck’s constant, 𝑚𝐶  is the mass of the carbon atom, 𝑘𝐵  is Boltzmann’s 
constant, and 𝜃𝐷 is the in-plane Debye temperature (𝜃𝐷≈ 2300 K and 𝜃𝐷 ≈ 1300 K for planar and 
out-of-plane phonons, respectively48-51. Consequently, from the slope of the linear fit to data in 
Fig. S5, we finally estimated a laser-induced temperature rise of ~230 K.  
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Supplementary Figures 
 
 
Fig. S1. Possible pathways for graphite-to-diamond transition. Because we use bilayer 
graphene as starting materials, only the left pathways would be considered. 
In graphite, carbon atoms are arranged in planar honeycomb sheets with AB stacking, which 
hinders direct transformation into diamond due to the lack of matching carbon atoms at honeycomb 
centers with carbon atoms in adjacent layers. Therefore, extensive theoretical research suggests 
that the direct transformation of AB-stacked hexagonal graphite (HG) to hexagonal diamond (HD) 
or cubic diamond (CD) must first undergo a sliding process to form an intermediate phase, 
including either orthorhombic graphite (OG) with AB’ stacking18 or simple hexagonal graphite 
(AG) with AA stacking19 or rhombohedral graphite (RG) with ABC stacking20, followed by boat 
or chair buckling to form sp3 bonds. This suggests graphite with stacking sequences close to AA, 
AB’ or ABC could make the G-D transformation easier to happen. As mentioned above, only the 
left pathways (through AA and AB’ stacking) would be considered since we use bilayer graphene 
as starting materials. 
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Fig. S2. TBG and its distribution of various twist angles. a, The statistical distribution of twist 
angles from 137 different overlapped domains. b, SAED image of the typical twisted angle of 
TBG at 12° and intensity profile along the direction marked in SAED pattern. The fact that 
intensity ratio between the {100} peaks and the {110} peaks > 1 shown in b indicates the TBG 
consists of two monolayers27. c, The typical HRTEM image of 12° TBG.  
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Fig. S3. Ultrafast structural dynamics of TBG and supporting amorphous carbon film. a-b, 
Time-dependent diffraction intensity and Q changes of TBG under 4.2 mJ/cm2 as a function of the 
pump-probe time delay between -3.6 ps to 9.4 ps with 0.5 ps step size and 10.06 ps to 20.06 ps 
with 1 ps step size, which has similar dynamic response compared to 9.7 mJ/cm2. c, Typical fitting 
of {110} family of TBG under 9.7 mJ/cm2. d, Long time scale of Q shift of TBG under 9.7 mJ/cm2, 
showing the changes does not totally recover in at least ~ 2 ns. e-f, Time-dependent diffraction 
intensity and Q changes of supporting amorphous film under 9.7 mJ/cm2. No obvious structural 
change is observed compared to TBG.  
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Fig. S4. Static characterization of aligned graphene sheets (ALG). a, HRTEM, SAED and 
intensity profile along the direction marked in SAED pattern of aligned bilayer and few-layer 
graphene. When the number of graphite layers are two or few layers, the intensity of 2nd order 
{110} is almost double of the 1st order {100} spots27. Although, the layers of graphite or graphene 
can be studied by SAED, one reliable method is to image the number of layers at the curved edge 
of directly using HRTEM. We marked these areas with bilayer and few-layer graphite using TEM 
first, then do UED in these marked areas. b, UED patterns and intensity profile of aligned bilayer 
and few-layer graphene. 
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Fig. S5. Ultrafast dynamics of aligned graphene sheets (ALG). a, Typical diffraction pattern of 
ALG observed by UED. b-d, Shearing mode vibration in (b) free-standing ALG under 9.7 mJ/cm2, 
(c) free-standing ALG under ~19 mJ/cm2, and (d) amorphous carbon supported ALG under 9.7 
mJ/cm2. e, Fitting the oscillatory dynamics in {100} family of ALG under ~19 mJ/cm2 showing 
out-of-phase shearing mode vibration between (-110) and (100) peaks. f, Extracted modulation 
frequency. g, Time-dependent Q shift of ALG under ~19 mJ/cm2. h-i, Q-dependent peak intensity 
decay of ALG and the logarithm of diffraction intensity with lattice vector squared  under ~19 
mJ/cm2. According to (i), we got a displacement of 3×10-4 Å2. Thus, we finally obtained a 
temperature increase of 230 K with the initial temperature of ~300 K.  
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Fig. S6. Time-dependent 2D ΔPDF and 1D ΔPDF evolution at each time delay. a-b, The 
experimental ΔPDF (at fluence of ~4.2 mJ/cm2) as a function of the pump-probe time delay 
between -3.6 ps to 9.4 ps with 0.5 ps step size and 10.06 ps to 20.06 ps with 1 ps step size.  is 
shown in a, with blue indicating loss and red indicating gain in the ΔPDF at various atom pair 
distances compared with unexcited TBG. c-d, at fluence of ~9.7 mJ/cm2 (with step size of 67 fs). 
Ultrafast changes in interatomic distances were observed from the ΔPDF. By choosing the 
appropriate time delays, we obtained a series of one-dimensional ΔPDFs, as shown in b and d. 
The positive peaks (II, IV) represent a significant increase in the ΔPDF at interatomic distances r 
of 1.94 Å and 3.14 Å, while the negative peaks (I, III) correspond to a reduction of the ΔPDF at 
interatomic distances at 1.42 Å and 2.46 Å.  
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Fig. S7. Pair distances in graphene lattice. Three nearest neighbor pair distances in the 
honeycomb monolayer graphene lattice are 1.42 Å, 2.46 Å, 2.84 Å.  
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Fig. S8. Molecular dynamics simulation of TBG showing detailed structural evolution with 
twisted angles of 0° (AB stacking), 6°, 12°, 18° and 30°. a, Top view of 12°. Around ~240 fs, 
sp3 bonds (warm color) starts to form at areas with stacking close to AA and AB’. Around ~270 
fs, almost all sp2 bonds (cool color) are converted into sp3 bonds. The relaxation process is much 
slower compared to the compression process. b, Side view of 12°. c, Perspective view of 12°. d, 
Top view of 6°. e, Top view of 18°. f, Top view of 30°. g, Top view of 0° with AB stacking. 
Since the TBG sample impact an absolutely rigid wall along z direction with a velocity of 4.895 
km/s, this impact process will compress interlayer distance to below 1.9 Å regardless of twisted 
angles. That is why in the simulation MD, we can also observe the formation of sp3 bonds as shown 
in g. However, as shown Fig. S9 and 10, the high energy barrier in the case of aligned graphene (0 
degree) with AB stacking hinders the formation of sp3 bonds.  
As shown in a to f, TBG with twisted angles of 6°, 12°, 18° and 30° show slightly different delay 
time for the appearance of sp3 bond as well as most popular sp3 bonds. However, the different time 
response does not influence the bond length change in simulated pair distribution function. As the 
UED signal was collected from a spatiotemporal average of all twist angles, we summed calculated 
PDFs for twisted angles of 6°, 12° and 18° with the weight (total weight from 6° to 18° is 
96/137≈0.7) similar to the statistical distribution of twist angles show in (Fig. S2). These calculated 
ΔPDFs summed with three angles match well with that of the 12°. Therefore, we used the time-
dependent ΔPDF with the dominant twisted angle 12° in Fig. 3b.  
Using the simulated transient structures, we calculated their ΔPDF (Fig. 3b) by selecting 
representative moments near: (i) the initial state with ~3.4 Å interlayer spacing; (ii) the moment 
that the graphene lattice starts to buckle; (iii) the formation of interlayer sp3 bonds; (iv) the time 
with maximum numbers of sp3 bonds. 
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Fig. S9. Generalized stacking fault energy (GSFE) surfaces evolution for bilayer graphene. 
a, Structures for GSFE surfaces calculation. Various stacking configurations in bilayer graphene. 
By shifting top graphene layer along a axis [100] and b axis [010] directions with respect to the 
bottom layer (fixed), we obtain a 2D map of bilayer graphene with different stacking sequences 
(b). For example, AB stacking is located at the start and end of the long diagonal and short diagonal 
(four corners); 1/3 of the long diagonal from the upper left corner corresponds to AA stacking and 
2/3 corresponds to AC stacking; AB’ is at the midpoint of AC and AB on this diagonal. Three AB’ 
coordinates can be found in the diagram due to the symmetry. The AC stacking is equivalent to 
the AB stacking in the case of bilayer graphene. c, Detailed GSFE surfaces evolution at different 
interlayer spacings.  
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Fig. S10. The energy surface between the graphene layers for a two-graphene sheet system 
as a function of rotation angles θ. Because the slope of the surface is larger with respect to the 
layer distances r compared to θ, energies are shifted with respect to the lowest minima at a given 
value of r for visual clarity. The potential energy surface of TBG as a function of the twisted angles 
shows no significant angle dependence except for the maximum energy at angles of near zero 
degree with AB stacking.   
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